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ELECHUCAL CURRENT GENERATION SYSTEM 

FIELD OF THE INVENTION 

The present invention relates to a fiicloellfor the .generation of electrical current. In 
5 particular, the present invention relates to a fuel-cell-based electrical generation system which ^ 
employs pressure swing adsorption for enhancing the-effickncy of the fuel cell. 

BACKGROUND OF THE INVENTION 

Fuel cells provide an-environmentally friendly source of electrical current. One form of 

1 0 fuel cell used for generating electrical power includes an *node for receiving hydrogen ^as, a 
cathode for receiving oxygen gas, and an alkaline <electroIyte. Anotherformdf fuel-cell mqludes 
an anode channel for receiving a flow of hydrogen-gas, acathode channel for receiving a flow 
of oxygen^as, and a polymer electrolyte membrane <PEM) which separates the anodcchanncl 
from the cathode channel. In both instances, oxygen ^as which^enters the cathode reacts with 

15 hydrogen ions which cross the electrolyte to generate a flow of electrons. Environmentally safe 
water vapour is also produced as a byproduct. However, several factors have limited 4he 
widespread use of fuel cells as power generation systems. 

Firstly, in order to extract a continuous -sourceof electrical power from the fuel cell, it 
is necessary to provide the fuel cell with a continuous source of oxygen and bydrogen gas. 

20 However, with atmospheric air as the direct source of oxygen to the cathode channel, 
performance of PEM fuel cells is severely impaired by the low partial pressure of oxygen and 
the concentration polarization of nitrogen, while alkaline fuel -cells require a pretreatment 
purification system to remove carbon dioxide from theieed air. Further, as the average oxygen 
concentration in a cathode channel with atmospheric air feed rs typically only about 15%, the 

25 size of the fuel cell must be undesirably large in order to provide sufficient power <for industrial 
applications. 

In order to achieve a partial pressure of oxygen through theoathode channel sufficient 
for the attainment of competitive cunent densities from a PEM fuel cell system, particularly for 
vehicular propulsion, it is necessary lo compress the^air feed to at least 3 atmospheres before the 
30 air feed is introduced to the cathode channel. As will be appreciated, the power input necessary 
to sufficiently compress the air feed reduces the overall -efficiency of the fuel cell system, it has 
been proposed to usepolymeric membranes to-enrich the oxygen, but such membranes actually 
reduce the oxygen partial pressure and the reduction in total pressure more than offsets the 
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limited enrichment attainable. 

Secondly, external production, purification, dispensing and storage of hydrogen (either 
as compressed gas or cryogenic liquid) requires-costly infrastructure, while storage of hydrogen 
fuel on vehicles presents considerable technical and economic barriers. Accordingly, for 
stationary power generation, it is preferred to generate hydrogen from natural gas by steam 
reforming or partial oxidation folio wed-by water gas shift. For fuel cell vehicles using a liquid 
fuel, it is preferred togenerate hydrogen fiom -methanol by steam*cfonning or-from gasoline by 
partial oxidation or autothcrmal reforming, again followed by water-gas shift. However, the 
resulting hydrogen contains carbon monoxide and-carbon dioxide impurities which cannot be 
tolerated respectively -by the PEM fuel cell catalytic electrodes and the alkaline fuel cell 
electrolyte in more than trace levels. 

The conventional method of remo vingr esiduakarbon monoxide from the hydrogen feed 
to PEM fuel cells has been catalytic selective oxidation, which -compromises efficiency as both 
the carbon monoxide and a fraction of thefiydrogen are consumedby low temperature oxidation, 
without any recovery of the heat of combustion. Palladium diffusion membranes can be used 
for hydrogen purification, but have ^disadvantages of deli very of thepurified hydrogen at low 
pressure, and also the use of rare and costly materials. 

Thirdly, pressure swing adsorption systems (PSA) have the attractive features of being 

able to provide continuous sourcesof oxygen andhydrogen gas, without significant contaminant 

levels. PSA systems and vacuum pressure swing adsorption systems (vacuum-PS A) separate gas 

fractions from a gas mixture by coordinating pressure cycling and flow reversals over an 

adsorbent bed which preferentially adsorbs a more readily adsorbed -gas component relative to 

a less readily adsorbed gas component of themixture. The total pressure of the:gas mixture in 

the adsorbent bed is elevated whi le the gas mixture is flowing through the adsorbent bed from 

a first end to a second end thereof, and is reduced while the gas mixture is flowing through the 

adsorbent from the second end back to the first end. As the PSA cycle is repeated, the 4ess 

readily adsorbed component is concentrated adjacent the secondendof the adsorbentbed, white 

the more readily adsorbed component isconcentrated adjacent the first end of the adsorbent bed. 

to 

As a result, a "light" product (a gas fraction depleted in the more readily adsorbed component 

t-Vz 

and enriched in the less readily adsorbed component) is delivered from the second end of the bed, 
and a "heavy" product (a gas fraction enriched in the more strongly adsorbed component) is 
exhausted fiom4hefiretcnd of thebed. , _ ~ 
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However, the conventional system for implementing pressure swing adsorption or 
vacuum pressure swing adsorption uses two or more stationary adsorbent beds in parallel, with 
directional valving attach endofcach adsorbent bed to connect the beds in alternating sequence 
to pressure sources and sinks. This system is often difficult and expensive to implement due4o 

*5 the complexity of the valving required. 

Further, the conventional PSA system mates inefficient use of applied energy, because 
feed gas pressurization is provided by a compressor whose delivery pressure is the highest 
pressure of the cycle, in PSA, energy expended in compressing the feed -gas used for 
pressurization is then dissipated in throttling over valves over the instantaneous pressure 

10 difference between the adsorber and the high pressure supply. Similarly, in vacuum-PSA, where 
the lower pressure of the cycle is established by a vacuum pump exhausting gas at that pressure, 
energy is dissipated in throttling over valves during countercurcent blowdown cf adsorbers 
whose pressure is being reduced. A fiirthcr energy dissipation in both systems -occurs in 
throttling of light reflux gas used for purge, equalization, cocunent blowdown and product 

1 5 pressurization or backfill steps. Theseenergy sinks reduce the overallefficiency ofthe fueloell 
system. 

Additionally, conventional PSA systems can generally only operate at relatively low 
cycle frequencies, necessitating the use of large adsorbent inventories. Theconsequent large size 
and weight of such PS A systems renders them unsuitable for vehicular fuel cell applications. 
20 Accordingly, there remains a need for an efficient fuel cell-based electrical generation 

system which can produce sufficient power for industrial applications and which isstitabte'for 
vehicular applications. 

SUMMARY OF THE INVENTION 
25 According to the invention, there is provided a fuel cell-based electrical generation 

system which addresses the deficienciesof the prior ah fuel ceil electrical .generation^ystems. 
Theelectrical current generating-system, according to a firstembodimentof4hepresent 

invention, comprises a fuel cell, and a oxygen gas delivery system. The fuel cell includes an 

anode channel -having an anode gas inlet for receiving a supply of hydrogen gas, a cathode 
30 channel having a cathode gas inlet and a cathode gas outlet, and an electrolyte in communication 

with the anode and cathode channel for facilitating ion exchange between the anode and cathode 

channel Theoxygen gas delivery*ystem is coupled*o the cathode gas inlet and delivers oxygen 

gasio the cathode channel. 
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The electrical current generating ostein also includes gas recirculation means coupled 
to the cathode gas outlet for recirculating a portion of cathode exhaust gas -exhausted from the 
cathodegas outlet to the cathode gas inkt. 

In a preferred implementation of the first embodiment, the oxygen gas delivery system 

5 comprises an oxygen gas separation system for extracting enriched oxygen gas from air. 
Preferably, the oxygen gas separating system comprises an oxygen pressure swing adsorption 
system-including a-rotary-module having a stator and a rotor cotatablc relative to-the stator.-The 
rotor includes a number of flow paths for receiving adsorbent material therein for preferentially 
adsorbing a first^as component in response to increasing pressure in the flow paths relative to 

10 a second gas component. The pressure swing adsorption system also includes compression 
machinery coupled to the rotary module w facilitating gas flow through the flow paths for 
separating the first gas component from the second gascomponent. The stator includes a first 
stator valve surface, a second stator valve surface, and plurality of junction compartments 
opening into the stator valve surfaces. The function compartments include a gas feed 

1 5 compartment, a light reflux exit compartment and a light reflux teturn compartment. 

In one variation, the compression machinery comprises a compressor for delivering 
pressurized air to the gas feed cbmpartment;.and a hght r^iix exp^ 
light reflux exit compartment and the light reflux return compartment. The gas recirculating 
means comprises a compressor coupled to the light reflux expander for supplying oxygen gas, 

20 exhausted from the cathode gas outlet, under pressure to the cathode -gas inlet. As a result, 
energy recovered from the pressure swing adsorption systemcan be applied to boost the pressure 
-of oxygen gas delivered to the cathode gas inlet. 

In another variation, restrictor orifices are disposed between the light *eflux exit 
compartment and the light reflux return compartment for pressure letdown inreplacementofthe 

25 light reflux expander. The gas recirculating means "comprises a 'Compressor coupled4o the 
cathode gas outlet for supplying oxygen gas to the cathode gas inlet, and a restrictive orifice 
disposed between the cathode gas outlet and a pressurizationcompartmentfor recyclingaportion 
of the oxygen gas as feed gas to the pressure swing adsorption system. As a result, energy 
recovered from the cathode gas outlet canbeused tohelp pressurize the cathode gas inlet through 

30 the PSA system. 

The electrical current generating system, according 40 a second embodiment of the 
present invention, comprises a fuelxell, an oxygen gas delivery system, and a hydrogen gas 
delivery system. The fuelcell includes an anode channel having an anode gas inlet and an anode 
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gas outlet, a cathode channel having a cathode gas inlet and a cathode gas outlet, and an 
electrolyte in communication with the anode and cathode channel for facilitating ion exchange 
between the anode and cathode channel . 

The oxygen gas delivery system is coupled lo the cathode-gas inlet and delivers oxygen 

5 gas to the cathode channel. The hydrogen gas delivery system includes a hydrogen gas inlet for 
receiving a first hydrogen gas feed from the anode gas outlet, and a hydrogen gas outlet coupled 
to the anode gas inlet for delivering hydrogen gas received from the first hydrogen gas feed to 
the anode channel with increased purity. 

In a preferred implementation of the second embodiment, the oxygen ^gas -separation 

1 0 system comprises anoxygen pressure swing adsorption system, and the hydrogen gasseparation 
system comprises a reactor for producing a second hydrogen gas feed^omhydrocarbonftetand- 
a hydrogen pressure swing adsorption system coupled to the reactor for purifying hydrogenigas 
received from the first and second hydrogen gas feeds. Both pressureswing adsoiption systems 
include a rotary module having a stator and a rotor rotatable relative to the stator. The rotor 

15 includes a number of flow paths for receiving adsorbent material therein for preferentially 
adsorbing a first gas component in response to increasing pressure in the flow paths-relative to 
a second gas component. The function compartments include a gas feed compartment and a 
heavy product compartment. 

In one variation, the oxygen pressure swing adsoiption system includes a compressor 

20 coupled to the gas feed compartment for delivering pressurized airtothe gas feedcompartment, 
and a vacuum pump coupled to the compressor for extracting nitrogen product gas from the 
heavy product compartment The reactor comprises a steam reformer, including a burner.Tor 
producing syngas, and a water gas shift reactor coupled to the steam reformer forconverting the 
syngas to the second hydrogen gas feed. The hydrogen pressure swing adsorption system 

25 includes a vacuum pump for delivering fuel gas from the heavy product compartment to the 
burner. The fuel gas is burned in the burner, and the heat generated therefrom is used to supply 
the endothemiic heat of reaction necessaryfor the steam reformer reaction. The resulting syngas 
is delivered to the water gas shift reactor for removal of impurities, and then delivered as 4he 
second hydrogen gas feed to the hydrogen pressure-swing adsorption system. 

30 In another variation, the invention includes a burner for burning fuel. The reactor 

comprises an autotbermal reformer for producing syngas, and a water gas shift reactor coupled 
to the autotheimal reformer for converting the syngas to the second hydrogen gas feed. 1*e 
compressor of the oxygen pressure swing adsoiption system delivers pressurized air to the 
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burner, and the heavy product gas is delivered from the hydrogen pressure swing adsorption 
system as tail gas to be burned in the burner. The compression machine of the oxygen pressure 
swing adsorption system also includes an expander coupted to the compressor for driving the 
compressor from hot gas of combustion emitted^rom the burner. Beat from the burner may also 
5 be used to preheat air and/or fuel supplied to the autothermal reformer. 

BRIEF DESCRIPTION OF-THEDRAWINGS - - - 

The preferred embodiment of the present invention will now be described, hy way of 
example only, with reference to the drawings, in which: 
10 Fig. 1 is a sectional view of a rotary PSA module suitable for use with the present 
invention, showing the stator and rotor situated in the stator; 

Fig. 2 is a sectional view of the module of Fig. 1, with the stator deleted for clarity; 

Fig. 3 is a sectional view of the stator shown inFig. 1, with the rotor deleted for clarity; 

Fig. 4 is an axial section of the module of Fig. 1 ; 
15 Fig. 5 shows a typical PSA cycle attainable with the PSA system shown in Figs. 1 to 4; 

Fig. 6 shows one variation of the PSA cycle with heavy reflux, attainable witivthe PSA 
system shown in Figs. I to 4; 

Fig. 7 shows a pressure swing adsorption apparatus for separating oxygen gas from air, 
suitable for use with the present invention, and depicting the rotary moduleshown in Fig. 1 and 
20 a compression machine coupled \o the rotary module; 

Fig. 8 shows a pressure swing adsorption apparatus for purifying hydrogen gas, suitable 
for use with the present invention,.and depicting the rotary module shown in Fig. 1 and a 
compression machine coupled to the rotary module; 

Fig. 9 shows an electrical current generatingsystem, according to a first embodiment of 
25 the present invention, including an oxygen-separating PSA system for supplying enriched 
oxygen to the fuel cell cathode channel with energy recovery from light-reflux expansion toboost 
the pressure of oxygen circulating in the fueloelkathode loop; 

Fig. 10 shows a first variation of the electrical current generating system shown in Fig. 
9, but with the PSA system including a countercurr-ent blowdown expander driving a free rotor 
30 exhaust vacuum pump for vacuum-PSA operation; 

Fig. 1 1 shows a second variationof the electrical current generating system shown in Fig. 
9, with aportion of the oxygen enriched gas discharged from the fuel cell cathode being used for 
a pressurization step >for 4he PSA system; 
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Fig. 1 2 shows an electrical currentgenerating system, according to a second embodiment 
of the present invention, including an oxygen-separating PSA system for supplying enriched 
oxygen to the fuel cell cathode channel, and a hydrogen-separating PSA system for supplying 
enriched hydrogen to the fijelecll anode channel, with the hydrogen-separating PSA system 
receiving -feed gas from a steam reformer; and 

Fig. 13 shows an electrical current generating system, according to a variation of the 
electrical current generating system shown in Fig. 12, but with the hydrogen-separating PSA 
system receiving feed .gas from an nutothermal reformer. 

Fig. 1 4 shows an electricaleurrent generating system with carbon dioxide removal and 
oxygen enrichment for an alkaline fueleell, and with an oxygen accumulator. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

To aid in understanding die present invention, a pressure swing adsorption process and 
associated apparatus, suitable for use with the present invention, will he described first, with 
reference to Figs. 1 through 6. Thereafter, an -oxygen-separating pressure swing adsorption . 
system and a hydrogen-separating pressure swing adsorption system will be described with 
reference to Figs. 7 and 8 respectively. Two embodiments of the invention, together with 
variations thereon, will then be described commencing with Fig. 9. 

figs. 1.2. 3 and 4 r 

A rotary module 10 which is suitable -for use aspart of thepresent invention is shown in 
Figs. 1, 2,i and 4. The module includes! rotor II revolving about axis 12 in the direction 
shown by arrow 1 3 within stator 1 4. However, it should be understoodthat the invention is not 
limited to PSA systems having rotary modules. Rather other arrangements may be employed 
without departing from thescope of the invention. For instance, if desired, the present invention 
may be employed with multiple stationary adsorbent beds in parallel, with directional valving 
at eachend of each adsorbent bed toeonnect the beds inaltemating sequencetopressure sources 
and sinks. However, as will become apparent, the rotary module 10 is preferred since itprovides 
highly desirable featuresof efficiency and compactness. 

In general, the rotary module 10 may be configured for flow through the adsorber 
elements in the radial, axial or oblique conical directions relative to the rotor axis. For operation 
at high cycle frequency, radial flowhaslhe advantage that the centripetal acceleration will lie 
parallel to the -flow path for most favourable stabilization ofhuoyancy-driven free convection, 
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as well as centrifugal clamping of granular adsorbent with uniform flow distribution. On the 
other hand, axial flow configurations are preferred format! module capacities, whereas radial 
flow configurations arepreferred<for large module capacities. 

As shown in Fig. 2, the rotor 1 1 is of annular section, having concentrically <o axis 12 

5 an outer cylindrical wall 20 whose -external surface is first valve surface 21, and an inner 
cylindrical wall 22 whose internal surface is second valve surface 23. The rotor has (in the plane 

- -of the section defined by arrows 15 and-1 6 in Fig. 4) a4otal-of-N" radial flow-adsorberelements - - . - 

24. An adjacent pair of adsorber elements 25 and 26 are separated *y partition 27 which is 
structurally and sealingly joined to outer wall 20 and inner wall 22. Adjacent adsorber elements 

10 25 and 2£ are angularly spaced relative to axis 1 2 by an angle of {360° / N]. ^ ince the adsorber 
elements and the valve surfaces are thereby integrated into a single unit, and the adsorber 
elements are located in close proximity io the valve surfaces with minimaUead volume, the 
rotary module 10 is more compact and^cifjcicnt than conventional PSA systems. 

Adsorber element 24 has a first end 30 defined by support screen 3 1 and a seconded 32 

15 defined by support screen 33. The adsorber may he provided -as .granular adsorbent, whose 
packing voidage defines a flow path contacting the adsorbent between the first and second ends 
of the adsorber. However, as described in copendingU.S. Patent Application No. 08/995,906, 
the description therein being incorporated herein by reference, preferably the adsorber element 
is provided as an array of laminated thin sheets extending between the first and second ends of 

20 the adsorber, the sheets having an adsorbent such as a zeolite -supported on a reinforcement 
matrix, and with flow channels established by spacers between the sheets. The laminated sheet 
adsorber, with sheet thickness of approximately T50 microns and using^ype X zeolites, has 
greatly reduced mass transfer and pressure drop resistances compared to^onventional granular 
adsorbers, so that satisfactory oxygen enrichment operation has been-achieved with PSA cycle 

25 periods in the order of 1 second and as low as 0.4 second. Consequently, the adsorbent inventory 
is radically reduced compared to conventional PSA cycle periods of about 1 minute, with thesize 
of the module being smaller by some two orders of magnitude compared to conventional PSA 
equipment of equivalent capacity.. As at esult, an exceptionally compact PSA module that can 
be used, rendering the invention particularly suitable for vehicular fuel cell powerplants. 

30 First aperture or orifice 34 provides flow communication from first valve surface 21 

through wall 20 to the first end 30 of adsorber 24. Second aperture or orifice 35 provides flow 
communication from second valve surface 23 through wall 22 to the second end 3 1 of adsorber 
24. Support screens 3 1 -and 33 respectively pro vide flow distribution 32 between first aperture 
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34 and first end 30, and between second aperture 35 and seconded 32, of adsorber element 24. 

As shown inf ig. 3, stator 14 is a pressure housing including an outer cylindrical sheH 
or first vol ve stator 40 outside the annular rotor 11 , and an inncrcylindrical shell or second valve 
stator 41 inside the annular rotor 1 1. Outer shell 40 carries axially^xtending strip seals<e.g. 42 
5 and 43) sealingly engaged with first valve surface 21, while inner shell 41 carries axially 
extending strip seals (e.g. 44 and 45) sealingly engaged with second valve surface 23. 
Preferably, the azimuthal sealing width of the strip seals is <greater than the diameters or 
azimuthal widths of the first and sccond-apcrturcs 34 and 35 opening through the first and second 
valve surfaces. 

10 A set of first compartments in the outer shell each open in an angular sector to the first 

valve surface, and each provide fluid-communication between its angular sector of the first valve 
surface and a manifold external to^he module. The angular sectors of the compartments are 
much wider than the angular separation of the adsorber<lcnients. The first compartments-are 
separated on the first sealing surface by the strip seals .{e.g. 42). Proceeding clockwise in?ig. 

15 3, in thedirection of rotor rotation, a first feed pressurization compartment 46 communicates by r 
conduit 47 -to first feed ^ressurization manifold 48, which is maintained at a first intermediate 
feed pressure. Similarly, a second feed pressurizationcorapartment 50'communicates to-second 
feed pressurization manifold 51, which is maintained at a second intermediate feed pressure 
higher than the first intermediate feed pressure but less than the higher working pressure. 

20 For greater generality, module 10 is shown with provision/or sequential admission of . 

two feed mixtures, the first feed gas having a lower concentration of the more readily adsorbed 
component relative to the second feed gas. FirstTeed compartment^ communicates to first feed 
manifold 53, which is maintained at substantially the higher working pressure. Likewise, second 
feed compartment 34 communicates to second feed manifold 55, which is maintained at 

25 substantially the higher working pressure. A first countercurrent blowdown compartment^ 
communicates to first countercun-ent blowdown manifold's?, which is maintained at a first 
countercurrent blowdown intennediate pressure. A second countercurrent blowdown 
compartment 58 communicates to second countercurrent blowdown manifold 59, which is 
maintained at a second countercurrent blowdown intermediate pressure above the lower woricing 

30 pressure. A heavy product compartment 60 communicates to heavy product exhaust manifold 
61 which is maintained at substantially the lower working pressure. It will be noted that 
compartment 5* is bounded by strip seals 42 and 43, and similarly all the compartments are 
bounded and mutually isolated *y stripseals. 
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A set of second compartments in the inner shell each open in an angular sector to the 
second valve surface, and each provide fluid communication between its angular-sector of the 
second valve surface and a manifold external to the module. The second compartments are 
separated on the second sealing surface by the strip seals<e.g. 44). Proceedingdockwise kjf ig. 

5 3, again in the direction of rotor rotation, lightproduct compartment 70 communicates to light 
product manifold 71 , and receives light product gas at substantially the higher woricing pressiae, 
less frictional pressure drops through the adsorbers and the-first and second orifices: -According- 
to the angular extensionofcompartmcnt 70 relative to compartments*52 and34, the light product 
may be obtained only from adsorbers simultaneously receiving 4he first Jeed <gas from 

10 compartment 52, or from adsorbers receiving both the first and second feed gases. 

A first light reflux exit compartment 72 communicates to first light refluxexil manifold 
73 , which is maintained at a first light refluxexit pressure, here substantially the higher working 
pressure less frictional pressure drops. A firstcocurrenl Slowdown compartment 74<which is 
actually the second light reflux exit compartment), communicates to second light reflux exit 

1 5 manifold 75, which is maintained at a first cocurrent blowdown pressure less than the higher 
working pressure. A second cocurrent blowdown compartment or -third light -reflux exit 
compartment 76 communicates to third light reflux exit manifold 77, which is maintained at a 
second cocurrent blowdown pressure less than the first cocurrent blowdown pressure. Alhird 
cocurrent blowdown compartment or fourth light reflux exit compartment 7% communicates to 

20 fourth light reflux exit manifold 79, which is maintained at a third cocurrent blowdownpressure 
less than the second cocurrent blowdown pressure. 

A purge compartment 80 communicates^ a fourth light refluxretum manifold 3 1 , which 
supplies the fourth light reflux gas which has been expanded from the thirdcocurcent blowdown 
pressure to substantially the lower working pressure with an allowance for frictional«pressure 

25 drops. The ordering of light reflux pressurization steps is inverted from the ordering or light 
reflux exit or cocurrent blowdown steps, so as to maintain a desirabk "last out - first in" 
stratification of light reflux gas packets. Hence a first Jight reflux pressurization compartment 
82 communicates to a third light reflux return manifold 33, which -supplies the third light reflux 
gas which has been expanded from the second cocurrentblowdown pressure*) a&sHight reflux 

30 pressurization pressure greater than the lower working pressure. A second light reflux 
pressurization compartment 84 communicates to a second light reflux return 4najiiTold $5, which 
supplies the second light reflux gas which has been expanded from the first cocurrentblowdown 
pressure to a second light reflux pressurization pressure greater than the first light reflux 
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pressurization pressure. Finally, a third light reflux -pressurization compartment 86 
communicates to a first light reflux return manifold 37, which supplies the first light reflux gas 
which has been expanded from approximately the higher pressure to a third light reflux 
-pressurization pressure-greater than the second light reflux pressurization pressure, and in this 

5 example less than the -first feed pressurization pressure. 

Additional details are shown in Fig. 4. Conduits 8$ connect first-compartment 4>0 to 
manifold -6 1 , with multiple conduits providing for good axial flow distribution in compartment 
60. Similarly, conduits 89 connect second compartment 80 to manifold 81. Stator 14 has base 
90 with bearings 91 and 92. The annular rotor 1 1 is supported -on end disc 93, whose shaft 94 

10 is supported by bearings 91 and*92. Motor95 iscoupkd to shafl94 to drive rotor 11. TCierotor 
coi^jUematively rotate as an annular drum, supported by ^rollers at several angular positions 
about its rim and also driven at its rim so thai no shaft would be required. A rim<irive couM be 
provided by a ring gear attached to thefotor, or by a linear electromagnetic motor whose stator 
would engage an arc of the rim. Particularly for hydrogen separation applications, the rotor drive 

15 may be hermetically enclosed within the stator housing to -eliminate hazards related to seal 
leakage. Outer circumferential seals 96seal the ends ofouter strip seals 42-and the edges of first 
valve surface 21, whtfe inner circumferential seals 97 seal the ends of inner strip seals 44 and the 
edges of second valve surface 23. Rotor 1 1 has access plug 98 between outer wall 20 and inner 
wall 22, which provides accessfor installation and removal-of the adsorbent in adsorbers 24. 

20 

Fies. 5 and 6 

~^Fig. 5 shows a typical PSA cycle which would be obtained using the foregoing gas 
separation system, while Fig. 6 shows a similar PSA cycle with heavy reflux recompression of 
a portion of the first product gas to provide a second feed gas to the process. 

25 In Figs. 5 and 6, the vertical axis 450 indicates the working pressure in -the adsorbers and 

the pressures in the first and second compartments. Pressure drops due to flow within the 
adsorber elements are neglected. The higher and lower woricing pressures are respectively 
indicated by dotted lines 151 and 152. The lower working pressure may be nominally or 
approximately ambient atmospheric pressure, or maybe a subatmospheric pressure established 

30 by vacuum pumping. The higher working pressure may typically be in the range of twice to four 
times the lower working pressure, based on the ratioof absolute pressures. 

The horizontal axis 1 55 of Figs. 5 and 6 indicates time, with thef S A cycle period defined 
by the time interval between points 156 and 157. At times 1 56 and 1 57, the woricing presase 



« 



WO 00/1 6425 PCT/CA99/00823 

-12- 

in a particular adsorber is pressure 15$. Starting from time 136, the cycle for a particular 
adsorber (e.g. 24) begins as the first aperture 34 of that adsorber is opened to the first feed 
pressurization compartment 46, which is fed by first feed supply means 160 at the first 
intermediate feed pressure 161 . The pressure in that adsorber rises from pressure 158 at time 1 57 
5 to the first intermediate feed pressure 161 . Proceeding ahead, first aperture passes over a seal 
strip, first closing adsorber 24 to compartment 46 and then opening it to second feed 
- — pressurization compartment 50 which is feed by second feed supply-means 462 at the second 
intermediate feed pressure 163. The adsorber pressure rises to the second intermediate feed 
pressure. 

10 First aperture 34 of adsorber 24 is opened next to first feed compartment 52, which is 

-■ maintained at substantially -the higher pressure by a third feed supply means 4t>5. Once the < 
adsorber pressure has risen 4o substantially the higher working pressure, its second aperture 35 
(which has been closed to all second compartments since time 156) opens to light product 
compartment 70 and delivers light product 166. 

15 In the cycle of Fig. 6, first aperture 34 of adsorber 24 is opened next to second feed 

compartment 54, also maintained at substantially the higher pressure by a fourth feed supply 
means 1 67. In general, thefourth feed supply means supplies a second feed gas, typically richer 
in the more readily adsorbed component than the first feed gas provided by thefirsi, second and 
third feed supply means. In the specific cycle illusfrated in Fig. 6, the fourth feed supply means 

20 1 67 is a "heavy reflux" compressor, recompressing a portion of the heavy product back into -the 
apparatus, in the cycle illustrated in Fig. 5, there is no fourth feed supply means, and 
compartment 54 could be eliminated or consolidated with compartment 52 extended over a wider 
angular arc of the stator. 

While feed gas is still being supplied to the first' end of adsorber 24 from either 

25 compartment 52 or 54, the second endof adsorber 24 is olosedto light product compartment 70 
and opens to first light reflux *xit compartment 72 while delivering "light reflux" gas (enriched 
in the less readily adsorbed component, similar to second product gas) to first light reflux 
pressure "let-down means (or expander) 1 70. The first aperture 34 of adsorber 24 is then closed 
to all first compartments, while the second aperture 35 is opened successively to<a) second light 

30 reflux exit compartment 74, dropping the adsorber pressure to the first cocurrent blowdown 
pressure 171 while deliveringlight reflux gas to second light reflux pressure letdown means 172, 
<b) third light reflux exit compartment 76, dropping the adsorber pressure to the second cocuirent 
blowdown pressure 1 73 whik delivering light reflux gas to third light reflux pressure letdown 
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means 174, and (c) fourth light reflux exit compartment 78, dropping the adsorber pressure to 
the third cocunent blowdown pressure 1 75 while deli vering light refluxes *o fourth light reflux 
pressure letdown means 1 76. Second aperture 35 is thenelosed for an interval, until the light 
reflux return steps following the countercurrent Wo wdown steps. 

5 The light reflux pressure let-down means may be mechanical expanders or expansion 

stages for expansion energy recovery, or may be restrictor orifices or throttk valves *>r 
irreversible pressure let-down. 

Either when the second aperture is closed after the final light reflux exit step {as shown 
in Figs. 5 and 6), or earlier while light reflux exit steps are still underway, first aperture 34 is 

1 0 opened to first eountercurrent blowdown compartment^, dropping the adsorber pressures the 
first countercurrent blowdown intermediate pressure WO whitereleasing "heavy" gas<enrichcd 
in the more strongly adsorbed component) tolirsl exhaust means 181. Then, first aperture 34 
is opened to second countercurrent blowdown compartment^, dropping the adsorber pressure 
to the first countercurrent blowdown intermediate pressure 182 while releasing heavy .gas to 

15 second exhaust means 1 83. Finally reaching the lower woriting pressure, first aperture 34 is 
opened to heavy product compartment 60, dropping the adsorber pressure to the lower pressure 
152 while releasing heavy gas 4o third exhaust means 184. Once the adsorber pressure Jias 
substantially reached the lower pressure while first aperture 34 is open to compartment^, the 
second aperture 35 opens to purge compartment 80, which receivesfouift Jightfeflux gas^om 

20 fourth light reflux pressure let-down means 1 76 in order 4o displace more heavy gas into first ^ 
product compartment £0. 

Ioffig. 5, the heavy gas ^rorn thelirst, second and third exhaustmeans is delivered^s4he 
heavy product 185. In Fig. 6, this gas is partly released as the heavy product 1*5, while Ae 
balance is redirected as "heavy reflux" 187 to the heavy reflux compressor asfourth feed-supply 

25 means 167. Just as light reflux enables an approach to high purity of the less readily adsorbed 
{"light") component in the light product, heavy reflux enables an approach to high purity of the 
more readily adsorbed ("heavy") component in the heavy product so that <high f ecovery of the 
less readily adsorbed flight") product can be achieved. 

The adsorber is then repressurized by light reflux .gas after the first and second apertures 

30 close to compartments 60 and 80. In succession, while the first aperture 34 remains closed at 
• least initially, <a) the second aperture 35 is opened to first light reflux pressurization 
compartment 824o raise the adsorber pressures thefetlighttefluxpressmzation pressure 190 
white receiving*hird light reflux gas from 4be third light reflux pressure letdownmeans 1 74, (b) 
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the second aperture 35 is opened to second light reflux pressurizatoncompartment 84 to raise 
the adsorber pressure to the second light reflux pressurization pressure 191 while receiving 
second light reflux gas from the second light reflux pressure letdown means 172, and <c) the 
second aperture 35 is opened to third light reflux pressurization compartment 8o to raise the 
5 adsorber pressure to the third light reflux pressurization pressure 1 92 while receiving first light 
reflux gas from the first light reflux pressure letdown means 170. Unless feed pressurizationhas 
already been-started while light reflux return for light reflux pressurization is still underway,-the 
process<as based on figs. 5 and 6) begins feed pressurization for the next cycle after time 157 
as soon as the third lightrefluxoressurization step has beenconcluded. 
10 The pressure variation waveform in each adsorber would be a rectangular staircase if 

there were no throtflihg in the first and second valves. Such throltling is needed to smooth 
pressure and flow transients. In order to provide balanced performance, preferably all of the 
adsorber elements and the apertures areclosely identical to each other. 

The rate of pressure change in each pressurization or blowdown step will oe restricted 
1 5 by throttling in ports (or in clearance or labyrinth sealing gaps) of the first and second valve 
means, or by throttling in the apertures at first and second ends of the adsorbers, resulting in the 
typkalpressurewaveformdepictedinfigs.5 and*. Alternatively, the aperturesmaybeopened 
slowly by the seal strips, to provide flow r^triction uVottlmg beuvecnmeaperturcsand the seal 
strips, which may have nairow tapered clearance channels so that the apertures are only opened 
20 to full flow gradually. Excessively rapid rates of pressure change would subject the adsotoer to 
mechanical stress, while also causing flow transients which would tend to increase axial 
dispersion of the concentration wavefront in the adsorber. Pulsations of flow andpressure are 
minimized by having apluralityof adsorbers simultaneously transiting each -step of the cycle, 
and by providing enough volume in the function compartments and associated manifoidsso that 
25 they act effectively as surge absorbers between the compression machinery and toe first and 
second valve means. 

It will be evident thatthecyck could be^generalieed in many variationshy havingtoore 
or fewer intermediate stages ineach major stepoff eed pressurization, countercurrent blowdown 
exhaust, or light reflux, if desired, eorobinedfeed and product pressurizationsteps<orcombined 
30 cocurrent and countercurrent blowdown steps) at intermediate pressures may be performed from 
both first and second valves simultaneously. The pressure at which feed pressurization begins, 
may differ from toe pressure at which countercurrent blowdown begins. Furtheimore, in air 
separationor air purification applications, astageof€eedpressurization<typicafly the first stage) 
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could be performed by equalization with atmosphere as an intermediate pressure of the cycle. 
Similarly, a stage of countercuirent blowdown could be performed by equalization with 
atmosphere as an intermediate pressure of thecycle. 

5 FigJ 

fig. 7 is a simplified schematic of a PSA system for separating oxygen from air using 
nitrogen-selective zeolite adsorbents. The light-product isconcentratcd oxygen, while the heavy 
product is nitrogen-enriched air usually vented as waste. The cycle lower pressure 152 is 
illustrated as nominally atmospheric pressure, although a vacuum pressure 1 52 could be used as 

0 will be illustrated in fig. 8. Feed air is introduced through filter intake 200 to a feed compressor 

~* 301 . The feed compressor includes compressor first stage 202, intercooler 203, compressor 
second stage 204, second intercooler 205, compressor third stage 206, third intercooler 207, and 
compressor fourth stage 208. The feed compressor 201 ^described may be a four stage axial 
compressor with motor 209 as prime mover coupled by shaft 210. The intercooiers are optional.* 

1 5 With reference to fig. 5 , the feed compressor first and second stages are the first feed supply 
means 160, delivering feed gas at the. first intermediate feed pressure 161, -via conduit 212 and 
water condensate separator 213 to first feed pressurizitionmanifold 48. feed compressor third 
stage 206 is the second feed supply means 162, delivering feed ^as at the second intermediate 
feed pressure 163 via conduit 214 and water condensate separator 215 to second feed 

20 pressurization manifold 5 1 . Feed compressor fourth stage 208 is the third feed supply means 
165, delivering feed gas at the higher pressure 151 via conduit 246 and water condensate 
separator 217 to feed manifold 53. Light product oxygen flow is delivered from light product 
manifold 71 by conduit 218, maintained at substantially the higher pressure less frictional 
pressure drops. 

35 The PSA system of fig. 7 includes energy recovery -expanders, including light reflux 

expander 220 (here including four stages) and countercurrent blowdown expander 221 <herc 
including two stages), coupled to feed compressor 201 by -shaft 222. T*e expander stages may 
be provided for example as radial inflow turbine stages, as full admission axial turbine stages 
with separate wheels, or as partial admission impulse turbine stages combined in a singie wheel. 

30 Light reflux gas from first light reflux exit manifold 73 flows at the higher pressure via 

conduit 224 and .beater 225 to first light pressure letdown means 1 70 which here is first light 
reflux expander stage 226, and then flows at the third light reflux pressurization pressure 192 by 
conduit 2274othe first ^t reflux tetummanifold'87. Lightreflux gas from second light reflux 
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cxit manifold 75 flows at the first cocuirent blowdown pressure 1 7 1 via conduit 228 and heater 
225 to second light reflux pressure letdown means 1 72, here the second expander stage 230, and 
then flows at the second light reflux pressurization pressure 191 by conduit 231 to the second 
light reflux return manifold #5. Light reflux gas from third light reflux exit manifold 77 flows 

5 at the second cocurrent blowdown pressure 173 via-conduit 232 and heater 225 to third ligfrt 
reflux pressure letdown means 1 74, here the third expander stage 234, and then flows at the first 
- - -light reflux pressurization pressure 1 90-by xxmduit 235 4o the third Jightreflux return manifold 
83. Finally, light reflux gas from fourth light reflux exit manifold 79 flows at the third cocurrent 
blowdown pressure 1 75 via conduit 236 and heater 2-25 to fourth light reflux pressure letdown 

10 means 176, here the fourth light reflux expander stage 238, and then flows at substantially the 
lower pressure 152 by conduit 239 to thefourth light reflux return manifold 81 . 

fleavy countercurrent blowdown gas from first countercurrent blowdown manifold57 
flows at first countercurrent blowdown intermediate pressure 130 by conduit 2404o heater 24 1 
and thence to first stage 242 of the countercurrent blowdown expander 22 1 as fHStexhaustmeans 

15 181, and is discharged from the expander to exhaust manifold 243 at substantially the lower 
pressure 1 52. Countercurrent blowdown gas from second countercurrent blowdown manifold 
59 flows at second countercurrent blowdown intermediate pressure 182 by conduit 244 toheater 
241 and thence to second stage 245 of the countercurrent Slowdown expander 221 as second 
exhaust means 183,and is discharged from theexpander to exhaust manifold 243 at substantially 

20 the lower pressure 1 52. finally, heavy gas from heavy product -exhaust manifold 61 flows by 
conduit 246 as third exhaust means 184 to exhaust manifold 243 dclivering*he heavy product 
gas 1 85 to be vented at substantially the lower pressure 152. 

Optional heaters 225 and 241 raise the temperatures of gases-entering expanders 220-and 
221 , thus augmenting the recovery of expansion energy and increasing the power transmitted^ 

25 shaft 222 from expanders 220 and 221 to feed compressor 201, and reducing 4hepower*equired 
from prime mover 209. While heaters 225 and 24 1 are means to provide heat to the expanders, 
intercoolers 203, 205 and 207 are means to remove heat fr-onHhe feed compressor andserve to 
reduce the required power of the higher compressor stages. The intercoolers 203, 205, 207 are 
optional features. 

30 If light reflux heater 249 operates at a sufficiently high temperature so that the exit 

. temperature of the light reflux expansion stages is higher than the temperature at which feed^as 
is delivered to the feed manifolds by conduits 212, 214and 2M>, the temperature of <he second 
ends 35<ofthe adsorbers 24 may be higher than the teraperatureof their first ends 34. Hence, the 
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adsorbers have a thermal gradient along the flow path, with higher temperature at their second 
end relative to the first end. This is anextension of the principle of "thermally coupled pressure 
swing ads«pt»n"(TCPSA)>t^ 

1 1 then acts as a thermal rotary regenerator, as in regenerative -gas turbine engines having a 
5 compressor 201 and an expander 220. Heat provided to the PSA process by heater 225 assists 
powering the process according to a regenerative thermodynamic power cycle, similar to 
advanced regenerative^ turbineengincsapproximately realizing the Ericsson thermodynamic 
cycle with intcrcooling on the compression side and interstage heating on the expansion side. 
In the instance of PSA applied to oxygen separation =&om air, the total light reflux flow is much 
10 less than the feed flow becauseof the strongbutk adsorptionof nitrogen. Accordingly the power 
recoverable from the expanders is muchJess than the? ower required by the compressor,** will 
still contribute significantly to*nhanced efficiency of oxygen production. 

If high energy -efficiency is not of highest importance, the light reflux expander stages 
and the countercurrent Mowdown expander stages may *e replaced by testrictor orifices or 
15 throttle valves for pressure letdown. The schematic of Fig. 7 shows a single shaft supporting the 
compressor stages, AccountercuirentWowdown or exhaust expander stages, and theUgbtreflux 
stages, as well as coupling the compressor to -the prime mover. However, it should he 
understood -mat separate shafts and even separate prime movers may be used for the distinct 
compression and expansion stages within the-scope of the present invention. 

20 

figj 

•Fig. i shows a vacuum-PSA system, also with heavy product reflux as could be used to 
achieve high recovery in hydrogen purification«for a fuel-cell power plant. The raw hydrogen 
may be provided in certain stationary applications from chemical process or petroleum refinery 

25 offgases. However, in most fiiel cell applications, the«w hydrogen gas feed will be provided 
by processing of a hydrocarbon or carbonaceousfiiel.e.-g. by steam reforming of natural gas.-or 
by autotberroal reformingor partial oxidationof liquid fuels. Such hydrogen feed gases typically 
contain 30%to 74%hydrogen. Usingtypical adsorbents suchas zeolites, carbondioxide, carbon 
monoxide, nitrogen and bydrogen sulphideoromer trace impurities will be much morer^ 

30 adsorbeJmanhydrogen,somepurifiedhydrogenwillbemelightproductde 

working pressure which may be only sbghtly less than the feed supply pressure, while the 
impurities willbe concentrated asthe heavy product and will be exhausted fromthe PSA process 
as-TSAtailgas"atmelowerworlangpressure. This<tail gas will be usedasfoel gas forlhe fuel 



WO 00/16425 KTT/CA99/00823 

-1«- 

proccssing reactions to generate hydrogen, or else for a combustion turbine to power PSA 
compression machinery for the fuel cell power plant. 

ThePS A system of Fig. 8 has infeed conduit 300 to introduce the feedgas at substantially 
the higher pressure to first feed manifold 53. In this-exampie, all -but the final pressurization 
5 steps are achieved with light reflux gas, with the final feed pressurization step being achieved 
through manifold^. 

- - The PSA system incfodes-a multistage vacuum pump 301 driven by-prime mover 209 ...... 

through shaft 210, and optionally by4ight*eflux<xpander 220 through shaft 309. The vacuum 
pump 301 includes a first stage 302 drawing heavy gas byconduit 246 -from first productexhaust 

10 manifold*!, and compressing this gas through intercooler 303 to second stage 304. Vacuum 

purhp second stage 304 draws heavy gas-from second countercunsnt blowdown mariifold~59 — - • - 
through conduit 244, anddelivers this gas by intercooler 305 to third stage 306 which also draws 
heavy gas from-first countercurrent blowdown manifold 57 tluoughconduit 240. The vacuum 
pump stage 306 compresses the heavy -gas to a pressure sufficiently above ambient pressurefor 

1 5 a portion of this gas (heavy product gas or PSA tail gas) -to be delivered for use as fuel gas in 
heavy product delivery conduit 307. The remaining heavy gas proceeds from vacuum pump 301 
to heavy reflux compressor 308 which attains substantially the higher working pressureof the 
PSA cycle. 

Thecompressed4ieavy gasisconveyed from compressor fourth stage 308by conduit 310 
20 to condensate separator 311. if desired (as for combustion in an -expansion Jurbine as in the 
embodiment of fig. 13), the entire heavy product stream could be compressed through 
compressor 308, so that the heavy product fuel gas may be delivered at the highest working 
pressure by alternative heavy product -delivery conduit 312 which is -externally maintained at 
substantially the higher pressure less frictional pressure orops. Condensed vapours .(such-as 
25 water) arc removed through conduit 313 at substantially the same pressure as the heavy product 
in conduit 312. The remaining heavy gas flow, after removal of the first product gas, flowsty 
conduit 314 to the second feed manifold 55 as heavy reflux to the adsorbers following thefeed 
step foT each adsorber. The heavy reflux .gas is a second feed gas, of higher concentration in<he 
more readily adsorbed component or fraction than the first feed gas. 

30 

figs. -9 and. 10 

Turning now to Figs. 9 and 10, foel cell-based electrical current generating systems, 
accordingto a first «mbodiment<of foe present invention, are shown using a rotary PS A system 
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similarto that shown infi§. 7 as the basicbuildingblock. Howtver, it should be understood that 
the invention is not limited toelectricalcurrent generating systems having rotaryPSA modules. 
Rather other arrangements may be employed without departing from the scopeof the invention. 
In Fig. 9, the PSA system separates oxygen from air, using nitrogen-selective zeolite 
5 adsorbents, as previously described. The light product is concentrated oxygen, while tie heavy 
product is nitrogen-enriched air usually vented as waste. The cycle lower pressure 152 is 
nominally atmospheric pressure, unless an optional vacuum pump isprovided as inFig. 8. Feed 
air is introduced through filter intake 200 to a feed compressor 201 . The feed compressor 
includeseompressor first stage 202, compressor second stage 204,eompressor third stage 206, 
10 , and compressor fourth stage 208. The feed compressor 201 as described maybe afour stage 
axial compressor with motor 209 as prime movercoupted byshaft 2«L ^compressor stages 
may be in series as shown, or alternatively in parallel. Intercoolers between compressor stages 
are optional. The feed compressor first and second stages deliver feed <gas at the first 
intermediate feed pressure Wl viaconduit212 and water condensate separator 213 to firsHecd 
1 5 pressurization manifold 48. Feed compressor third stage 206 delivers feed gas at the second 
intermediate feed pressure 163 via conduit 214 and water condensate separator 215 to second 
feed pressurization manifold 51. Feed compressor fourth stage 208 delivers feed gas at the 
higher pressure 151 via conduit 21* and water condensate separator 217 to feed manifold 53. 
Light product oxygen flow is delivered from light product manifold 71 by conduit 218, 
20 maintained at substantially the higher pressure less frictional pressure drops. 

The apparatus of Fig. 9 includes energy recovery expanders, including light reflux 
expander 220 (here including four stages) and countercurrent biowdown expander 221 {here 
including two stages). Expander 221 is coupled to feed compressor 201 by shaft 222. The 
expander stages may be provided for example as radial inflow turbine stages, as frill admission 
25 axial turbine stages with separate wheels, or as partial admission turbine stages combined in a 
single wheel. If highenergy efficiency were not of highest importance, the 4ightrefluxexpander 
stages and/or the countercurrent biowdown expander stages could be replaced by restrictor 
orifices or throttle valves for pressure letdown. 

Light reflux gas from first light reflux exit manifold 73 flows at the higher pressure via 
30 conduit 224 and heater 225 to first light reflux expander stage 22o, and then flows at the third 
light reflux pressurization pressure 192 by conduit 227 to the first light reflux return manifold 
*7. Light reflux gas from second light reflux exit manifold 75 flows at the first cocuirent 
biowdown pressure 171 via conduit 228 and heater 225 to the second expander stage 230, and 
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ihcn flows at the second light reflux pressurization pressure 191 <by conduit 23 1 to the second 
light reflux return manifold 85. Light reflux gas from third light reflux exit manifold 77 flows 
at the second cocurrent blowdown pressure 173 via conduit 232 and beater 22S to the third 
expander stage 234, and then flows at the first light reflux pressurization pressure 190 by conduit 
235 to the third light reflux return manifold S3. Finally, light reflux gas from fourth light reflux 
exit manifold 79 flows at the third cocurrent blowdown pressure 175 viaconduit 236 and heater 
225 to the" fourth light fefluxexpander stage 238, and then flows at substantially the lower - 
pressure 1 52 by conduit 239 to the fourth light reflux return manifold 8 1 . 

Heavycountercurrent blowdown gas from first counlercurrent blowdown manifold 57 
flows at first eountercunent blowdown intermediate pressure 180 by conduit 24040 heater 241 
and thence to first stage~242 of the countercuMrit Slowdown expander 221 , and is discharged 
from the expander to exhaust manifold 243 at substantially the lower pressure 152. 
Countercurrent blowdown gas from second countercurrent Slowdown manifold^ flows at 
second eountercurrent blowdown intermediate pressure 1*2 by conduit 244 to heater 241 and 
thence 4o second stage 245 of the countercunrent blowdown expander 221, and is discharged 
from the expander to exhaust manifold 243 at,subsU^ Finally, 
heavy £as from heavy product exhaust manifold^ 

243 delivering the heavy product gas 185 to be vented at substantially the lower pressure 152. 

Optional heaters 225 and 241 raise the temperaturesof gasesenteringexpanders 220 and 
221, thus augmenting the recovery of expansion energy and increasing the power transmitted^ 
shaft 222 from expanders 220 and 22 Ho feed compressor 201 , and reducing the power required 

from prime mover 209. 

In the instance of PSA applied io oxygen reparation from«air/the*otal light reflux flow 
is mud) less than the feed flow because of the strong bulk adsorption of nitrogen. Accordingly 
the power recoverable from the expanders is much tess than *he power required by the 
compressor, but will still contribute significantly to enhanced efficiency of oxygen production. 
By operating the adsorbers at moderately elevated temperature j(e.g. 40° lo €0° C) ^nd using 
strongly nitrogen-selective adsorbents such asCa-X, Li-X or lithium chabazite zeolites, the PSA 
oxygen generation system can operate with favourable performance and efficiency. Calcium or 
strontium exchanged chabazite may be used at higher temperatures, even in excess of 100° C, 
reflecting tbeextraordinaiy capacity of these adsorbents for nitrogen, their nitrogen uptake being 
too close 4o saturation at lower temperatures near ambient for satisfactory operation. 
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While higher temperature of the adsorbent will reduce nitrogen uptake andselectivity for 
each zeolite adsorbent, the isotherms will be more linear and humidity rejection will be easier: 
Working with adsorbents such as Ca-X and Li-X, recent conventional practice has been -to 
operate ambient temperature PSA at subatmospheric lower pressures inso-called "vacuum*wing 
5 adsorption" (VSA), so that the highly selective adsorbents operate well below saturation in 
nitrogen uptake, and have a large working capacity in a relatively linear isotherm range. At 
higher temperatures, saturation in nitrogen uptake is sfcfted to more elevated pressures, so-the 
optimum PSA cycle higher and lower pressures are also shifted upward. 

Theenriched oxygen product. gas is delivered by eonduit 218, non-return valve 250, and 
10 conduit 251 to the inletof oxygen product compressor 252 which boosts thepressure of product 
_ oxygen deli veredby conduit 253 Compressor 252 maybe a single stage certrifugaloompressor, 
driven directly through shaft 254 by light refluxexpander 220or altemativelyoy a motor. Light 
reflux expander 220 may be the sole power source to compressor 252, in whicheaseexpander 
220 and compressor 252 4ogether constitute a free rotor turbo-booster 255. Since the working 
15 fluid in both expander 220 andeompressor 252 isenriched oxygen, -the free rotor turbo-booster 
embodiment has me important safety feature of not requiring a shaft seaMo an external motor. 
Preferably, energy recovered from light reflux expansion is used *) raise the delivery pressure 
oi the light product, here oxygen. 

The compressed enriched oxygen is delivered to afueltxll 260, by conduit 253 to 
20 cathode inlet 261 of fuel cell cathode channel 262. Fuel cell 260 may be of the polymer 
electrolyte membrane (PEM), with me electrolyte 265 separating cathode channel -262 from 
anode channel 266. Hydrogen ftiel is supplied to anode inlet 267 of anode channel 266 oy 

hydrogen infeed conduit 268. 

The enriched oxygen passes through cathode channel -262 to cathode exit 270, as a 

25 fraction of the oxygen reacts with hydrogen ions crossing me membrane io generate electrical 
power and reacting to form byproduct water. The cathode exit gasteaving thecathode channel 
in conduit 2S0 fromcathodeexit 270(in this preferredembodiment) is-stillsignfficantlyenricbed 
in oxygen relative to ambient air concentration of approximately 21 %. A minor portion of this 
gas is purged as cathodepurgegas fromconduit 280by purge valve 2S5 and purgeexhaust 286, 

30 and the balanceof the cathode exit gas is retained as cathode recycle gas. The cathode recycle 
gas is conveyed hy conduit 281 to water condensate separator 2S2 where excess liquid water is 
removed from<heoathodeexit gas, whichremains saturated in water vapour. The humid cathode 
recycle gas is then blended with incoming enriched oxygen from the PSA system byconduit 283 
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'connecting io conduit 25 1 . 

Conduits 251 , 253, 280, 281 and 283 thus form aoathode loop with cathode channel 2*2, 
compressor 252 and water condensate separator 282. Heauxchanger 225 maycool the oxygen 
enriched gas -to be compressed by compressor 252 , by removing waste heat from the fuel cell 

5 cathode loop to heat light reflux gas before expansion in expander 220. Enough of the cathode 
-exit gas is purged by purge valve 285 to avoid excessive build-up of argon and nitrogen 

" ' impurities in the cathode loop. In a practicable example, the product oxygen concentration in 
conduit 218 may be 90% oxygen, withoqual amounts of argon and nitrogen impurities. With 
a small purge flow, oxygen concentrations at cathode inlet 261 and at cathode exit 270 maybe 

10 respectively-60% and50%. 

As discussed above, a PEM fuel cell operating with atmospheric air as oxidanttnay 
typically require air compression to at least 3 atmospheres in order to achieve a sufficiently high 
oxygen partial pressure over the cathode for competitive current density in the fiicl cell stack. 
Oxygen concentration at the cathode inlet would be 2 1 %, and at the cathode exit typicallyonly 

15 about 10% oxygen. The present invention can achieve much higher average oxygen 
concentration over the fuel cell cathode channel, -e.g. 55% compared to approximately 15%. 
Hence, the operating pressure may be reduced to about 1 .5 atmospheres while still retaining a 
substantial enhancement of oxygen partial pressure over the cathode. With higher oxygen partial 
pressure over the cathode, fuel cell stack power density andefficiency can be enhanced, -as is 

20 particularly crucial in automotive power plant applications. Mechanical compression power 
required by the apparatus of the present invention {using high performance adsorbents such as 
Li X) will be less than that required for the air compressor of a PEM fuel cell system operating 
at 3 atmospheres air supply pressure, further-enhancing overall powor plant efficiency. 

An important benefit in this example apparatus is that the oxygen enriched gas entering 

25 cathode inlet 261 is humidified by blending with the much larger stream of saturated cathode 
recycle gas. Another benefit is that energy recovery from the PSA unit can be applied to boost 
pressure and drive recycle circulation in the cathode loop, while fuel cell waste heat can be 
applied to beat-exchangere 225 and 241 to enhance expansion energy recovery in the PSA unit. 
Yet another benefit is that suitable cathode channel circulation flow velocities to assure 

30 satisfactory water removal from PEM fuel cells are readily achieved. 

Turning to Fig. 10, an oxygen-separating PSA-based fuel cell system is shown, similar 
to the fuel cell system of Fig. 9, but with a countercunent Mo wdown expander driving a free 
rotor exhaust vacuum pump, In the embodiment of Fig. 10, shaft 222 coupling the 
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counteicunent blowdown expander 221 to feed compressor 201 has been removed. Instead, 
vacuum pump 301 is used to depress the low pressure of the cycle below atmospheric pressure; 
drawing nitrogen-enriched waste gas from heavy product exhaust compartment 61 via conduit 
246 and optional heater 302. Pump 301 is powered by countercurrentblowdownexpander 304 
S expanding countercurrent blowdown gas from first countercurrent bio wdown manifold 57 via 
conduit 240 andoptiona! heater 241 . Vacuum pump 301 andexpander 304 arecoupledby shaft 
305, and together constitute a free rotor vacuum pump assembly 306. Such a free rotor vacuum 
pump offers attractive advantages of efficiency and capital cost. Alternatively, a motor could 

be coupled to an extension of shaft 305 . 
10 The countercurrent blowdown gas from second countercurrentblowdown manifold 59 

exits that manifold at apressure whichjs substantially aimosjjjwjic orslightly greater according 
to the amount of throttling reliction associated with conduit 244. 

Figdi 

15 fig. ll shows a fuel cell-based electrical current generating system, similar to the 

electrical current generating system of Fig. 9, but without light reflux energyiecovery, and with 
a portion of oxygen enriched gas discharged from the fuel cell cathode being used for a 
pressurizaiion step. The illustrative four stages of light reflux pressure letdown are achieved 
irreversibly over adjustablecrifices 350, 35 1 , 352 and 353 which respectively connect conduits 

20 224 and 227, 228 and 231, 232 and 235, and 236 and 239. Orifices 350, 351, 352 and 353 are 
actuated through linkage 3 54 by actuators) 355 . Adjustment ofthe orifices is desirable to enable 
turndown of the PSA apparatus4o operation at reduced cycle frequency and reduced flow rates 
when the fuel cell power plant is operated at part load. 

The fuel cell has a cathode recycle loop defined Xin the loop flow direction) by water 

25 condensate separator 360,conduit 361 conveying enriched oxygen tocathode channel inlet261 , 
cathode channel 262, conduit 362 conveying cathode exhaust gas from cathode channel exit 270 
to cathoderecycle conduit 365 includingcathode recycle blower 363 to repressurize -the cathode 
recycle gas for admission to condensate separator 360. Separator 360 removes fuel cell water 
exhaust condensate from the cathode recycle loop, while also humidifying the dry concentrated 

30 oxygen admitted from the PSA system conduit from conduit 218. 

A portion of the cathode exhaust is removed from conduit 362 by conduit 37 1 /branching 
from cathode recycle conduit 365. This portion of the cathode exhaust gas is recycledlothefeed 
end of the PSA (or alternatively vacuum-PS A) apparatus, and is conveyed by conduit 371 to 
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watercondensate separator 373 and thence to first pressurization manifold 48 communicating 
to the first valve face 21. A throttle valve 375 may be provided in conduit 371 to provide a 
pressure letdown as required from the -pressure at cathode -exit 270 to first pressurization 
manifold48. 

5 Recycling a portion of the cathode exhaust gas to the PSA unit feed has several 

advantages, including<l) reducing the voJumeof feed gas to be compresscd,<2) climinating the 
requirement to purge any cathodeexhaust gas-from the cathode loop, and<3)fecovering.some 
waste energy from the fuel cell cathode loop by using this<gas to help pressurize the fuel cell 
from the feed end. This oxygen rich gas must be admitted to Ihe&ed end of the PSA unit, 
10 because it is saturated with water vapour which would deactivate the adsorbent if admitted 
directlyto the second valve face at theproductend. By introducing it to the feedendof the beds 
after the low pressure step and before any direct pressurization with feed air, a .favourable 
concentration profile is established since this gas is richer in oxygen than feeder, but also 
contains a greater load of impurities than the product oxygen-enriched gas. 
15 Because argon isconcennated withoxygenby the PSA unit, argon will heeoncentrated 

both within the cathode loop and inthePS Aenriched oxygen product in this embodiment. If no 
cathode purge is provided, argon can only exit the system through Ihe-exhaust of the PSA unit 
Since the PSA unit typically achieves about o0% recovery of oxygen and argon when ordinary 
air is used as the only feed for pressurization*) the first valve face, about 40% of argon admitted 
20 with feed gas may be exhausted in each-cycle. The fractional elimination -of recycle argon 
introduced with initial feed pressurization steps will be Jower, since thewain feed is introduced 
subsequently to push the recycle argon deeper into the adsorbers. Hence, a small araountof 
purge from the cathode loop maybe desirable. Cathodeexhaust gas recycleto4he PS A unit feed 
may also be blended directly with feed air introduced at the same or tower pressure -as-the 
25 cathode channel exit 270. 

fjgJ2 

Fig. 12 shows a niel-cell based electrical current generating system 400, according to a 
second embodiment of the present invention, comprising a fuel cell 402, an oxygen-generating 
30 PSA system 404, and a hydrogen gas production system 406. The fuel cell comprises an anode 
channel 408 including an anodegas inlet 410 and an anode gas outlet 412, acathodechannel414 
including a cathode gas inlet 41oand a cathode gas outlet and a PEM 420 in communication 
with the anode channel 408 and the cathode channel 4l4Toi facilitating ion exchange between 
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the anode channel 408 and <the cathode channel 414. 

The oxygen-PSA system 404 extracts oxygen gas from feed air, and comprises a rotary 
module 10, and a compressor 422 for delivering pressurized feed air to thef ecd compartments 
424 of the rotary module 10. Preferably, the oxygen-PSA system 404 includes a vacuum pump 

5 426 (or alternatively countercurTent blowdown expander) coupled to the compressor 422 for 
withdrawing nitrogen-enriched gas as heavy product gas from the blowdown compartments 428 
ofthe rotary module 10. Theoxygen-PSA system 404 also includes a light product gas function 
compartment 430couplod to the cathode gas inlet 416 for deli veringoxygen-enriched gas to the 
cathode channel 414. Cathode recycle may be<p rovided as in the "embodiments of Figs. 9 — U . 

10 The hydrogen gas production system 406comprises a hydrogen-generating PSA system 

432, and a fuel processor reactor 434 coupled to the hydrogen-PS A system 432 for supplying a- 
first hydrogen gas feed to the hydrogen-PSA system 432. The hydrogen-PSA system 432 
comprises a rotary module 10 including a first feed *gas compartment 436 for receiving a first 
hydrogen gas feed from the reactor 434, a pressurization -compartment 438 for receiving a 

15 hydrogen gas feed from the anode gasoutlet 412, a light product compartment 440 for delivering 




gas as heavy product gas 1o the reactor 43.4.. Preferably:the hydrogeri-PS A ^5ystem"432' includies > 
a vacuum pump 442 <or alternately a countereuirent Wowdown expander) provided between the 
blowdown compartment 441 and the reactor 434 for-extracUng the4ail gas torn the blowdown 



20 compartment 441. 

According 'to the purity level t>f the hydrogen gas recycled from *he anode gas^xit 412, 
pressurization compartment 438 may cooperate with either the-first or second valve of tbe rotary 
module, the Matter being preferred if the purity of this -stream is relatively high. The hydrogen- 
PSA system 432 may also include a heavy reflux compressor 443 delivering heavy reflux gas 

25 to a second feed gas compartment 4444o improve the fractional recovery of hydrogen gas. The 
calorific fuel gas requirements of the bydrogen-gas production system 406 will determine the 
correct recovery -of hydrogen gas. 

The reactor 434 -comprises a steam reformer 445, including a burner 446 and catalyst 
tubes (not shown), and a water gas shift reactor 448. The burner 446 includes a first burner inkt 

30 450 for receiving the tail gas from the blowdown compartment 442, and a second burner inlet 
452 for receiving air or humid oxygen-enriched gas from the cathode channel 414. The steam 
reformer 444 is supplied through a fuel inlet 454 with a hydrocarbon fuel, such asroethane gas, 
plus water at a feed pressure whichis the working pressure of tbe ftel ceil phis an allowance for 
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pressure drops through thcsystem 406. The fuel is preheated and steam is generated by heat 
exchanger 455, recovering heat from the flue gas of burner 446. The methane fuel gas and steam 
mixture is then passed through the catalyst tubes, while the tail gas and the oxygen-enriched gas 
are burned in the burner 446 to elevate the temperature of the methane foeLgas mixture to the 
5 temperature necessary (typically 800°C) for conducting endothennic steam reforming reactions 
of the methane fuel gas mixture: 

CH 4 + H 2 0-CO + 3H 2 
CH, + 2H 2 0-C0 2 + 4H 2 

10 

The resulting syngas (approximately 70% H 2 , with equal amounts of CO and C0 2 as 
major impurities, and unreacted CH 4 andN 2 as minor impurities) is cooled to about 250°C, and 
then passed to the water gas shift reactor 448 for reacting most of the CO with steam to produce 
more H 2 and<X) 2 : 

15 

CO + H 2 0-<X) 2 + H 2 

The resulting gas reactants are then conveyed to the first feed compartment 436 of the 
hydrogen^PSA system 432 for hydrogen purification, with the heavy product 4ail gas being 
20 returned to the steam reformer 434 from the blowdown compartment 442 for combustion in the 
burner 446. 

Id one variation, the reactor 434 comprises a partial oxidation reactor, and instead of the 
methane gas mixture being steam reformed, the methane gas mixture is reacted in the partial 
oxidation reactor with a portion of the humid oxygen-enriched gas received from the cathode 
25 channel 414, through an optional conduit 456, for partial oxidation of the methane gas: 

CH. + ViO^CO + aHj 

The resulting syngas is again cooled to about 250°C, and then passed (o -the water gas 
30 shift reactor 448 for reacting most of the CO with steam to produce more H 2 and C0 2 : 



CO + H 2 O-C0 2 + H 3 
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The resulting gas reactants are Ihen conveyed to the first feed compartment 436 of the 
hydrogen-PSA system 432 for hydrogen purification, with the heavy product tail gas being 
purged from the hydrogen-PSA-system 432. 

In another variation, the reactor 434comprises an autothermal reforroer and a watergas 
5 shift reactor 448, and instead of the methane gas mixture bemgendofoermically steam reformed 
or exothcrmically partially oxidized, the methane gas mixture is reacted in the autothermal 
reformer by a thermally balanced combination of those reactions, followed by reaction in the 
water-gas shift reactor 448. Since the hydrogen-PSA heavy product tail ^gas will always have 
some fuel value even in the limit of very high heavy reflux, a burner 446 would be provided for 
10 efficiently preheating air and or fuel feeds to an autothermakeactor. Unless the fuel processing 
reactions include an endothermic reforming component as an energy-efficient sink for tail^gas 
fuel combustion, anothereconomic use (as in the embodiment off ig. 1 3) should be provided if 
the net fuel processing reactions are highly endothcrmic, -as in the ease of simple partial 
oxidation. 

15 

Fie. 13 

It will be apparent that adeficiency of the etectricakurrent generatingsystem400 relates 
to the necessity of driving the compressor 422 and the vacuum pumps 426, 444 with a portion 
of the electrical power generated by the fuel cell, fig. 13 shows a fuel-cell based electrical 

20 current generating system "500, which addresses this^eficiency. 

The electrical current generating system 500 is substantially similar to the electrical 
current generating system 400, comprising the fuel cell 402, an oxygen-generating PSA system 
504, and a hydrogen gas production-system 506. The oxygen-PSA system 504 extracts oxygen 
gas from feed air, and comprises arotary module 10, aeompressor522for deliveringpressurized 

25 feed air to the feed compartments 524 of the rotary module 10, a combustion expander 523 
coupled to the compressor 522, a starter motor (not ■shown) coupled to the compressor522, and 
a light product gas function compartment530coupjed to thecathode gas inlet 4*6 for delivering 
oxygen-enriched gas to the cathode channel 414. Theoxygen-PSA system 504 may also have 
a countercurrent blowdown or heavy product exhaust compartment 531 cooperating with a 

30 vacuum pump and/or expander, as illustrated in previous embodiments. 

The hydrogen gasproduction system 506 comprises a hydrogen-generating PSA system 
532, and a reactor 534 coupled to the hydrogen-PS A system532 for supplying a first hydrogen 
gas feed to the hydrogen-PSA system 532. The hydrogen-PS Asystem 532 comprises a rotary 
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module 10 including a first feed gas compartment 536 for receiving a first hydrogen gas feed 
from the steam reformer 534, a pressurization compartment 538 {communicating with either the 
first or second valve) for receiving a second hydrogen.gas feed from the anode gas outlet 412, 
a light product compartment 540 for delivering hydrogen gas to the anode gas inlet 410, and a 
5 blowdown compartment 541 for delivering tail gas as heavy product fuel gas to the reactor534. 
As in previous embodiments, the blowdown compartment 541 may cooperate with an exhaust 
- - vacuum pump and/or expander (not shown) for -extracting the tail gas from the hlowdown- 
compartmcnt541. 

The reactor 534 comprises an autothermal reformer '544, a burner 546, and a water <gas 
10 shift reactor 548. Thebumer 546 includes heater tubes 549, a first burner inlet 550for receiving 

"t(be tail gas from the blowdown compartment 542, and a second humer inlet 552 for receiving 

compressed air from the compressor 522 second stage. As will be apparent from Fig. 13, the 
compressor 522 second stage compresses a portion of the feed air which is not delivered to the 
oxygen- generating PSA system 504. 
15 The expander523 andthe compressor 522 together comprise agas turbine, and expands 

combustion product gas emanating from the burner 546 so as to increase the pressure of feed air 
to the feed compartments 524. As will be appreciated, the thermal-energy of combustion of the 
hydrogen-PSA tail gas is used to drive the fuel cell accessory gas purification and compression 
machinery. As shown inFig. 13, additional feed gas compression energy may be obtained from 
20 the exothermic heat of reaction of the water gas shift reactor 548 through preheat exchangers 
555.. 

The autothermal reformer 544 is supplied through a fuel inlet 554 with a hydrocarbon 
fuel -gas, such as methane gas and, in the example shown, is reacted with oxygen-enriched -gas 
received under pressure from the cathode channel 414 through booster blower 556. Cathode 

25 recycle may not he justified, or at least may be reduced, if the oxygen-enriched gas delivered 
from the cathode exit can be used advantageously for fuel processing (to Teduce nitrogen load 
and enhance combustion). The resultantsyngas is then cooled, and then passed to the water gas 
shift reactor 548 for reacting roost of the CO with steam to produce more H, and -CO,. The 
resulting gas reactants are then conveyedto the first feed compartment 536 of the bydrogen-PSA 

30 system 532 for hydrogen purification. 



Fig. 14 

Embodiment 600 illustrates further aspects c-f the invention. For alkaline foelcells, the 
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crucial problem is removal of CO, from both feedoxidant and hydrogen streams. Tbc oxygen- 

• 

PSA and hydrogen-PSA systems of this invention as described above will remove CO, very 
effectively, since CO, is much more strongly adsorbed than other permanent gas impurities. 
Oxygen enrichment is bcnc6cial for all types of fuel oells in increasing voltage efficiency, 
5 although not usually justified except at high current densities. Alkaline fuel cells can use an 
under-sized oxygen-PSA for very eflective carbon dioxide removal along with modest oxygen 
enrichment, or may use die same PSA device with an adsorbent lacking nitrogen/oxygen 
selectivity (e.g. activated carbon, or high silica zeolites) foT carbon dioxide clean-up without 
oxygen enrichment. The rotary PSA module and compression machinery of this invention are 
10 entirely suitable for this role. 

Alkaline fuel cells operating on ambient air feed typically operate near atmospheric 
pressure, at about 10*C. Under such conditions, the water vapour saturated cathode exhaust 
stream of nitrogen-enriched air serves to remove foel cell product water while maintaining 
electrolyte water balance. Operationof alkalinefuelcelis athighertemperaturemaybedesirabk 
1 5 for high efficiency with less costly electrocatalysi materials, or else for thermal integration to a 
methanol reformer using fuel cell waste heat to vapourize reactants and even drive the 
endothermic reaction. But with increasing stack exhaust temperatures, operation with ambient 
air composition may rapidly become impracticable. At higher temperatures, the nitrogen rich 
cathode exhaust simply carries too much water vapour outof the system, unless the total pressure 
20 is uneconomical^ raised or else a condenser for water recovery is included. 

With oxygen enrichment, the volume of the cathode exhaust can -be adjusted-to achieve 
water balance for any alkaline fuel cell. Reasonable low stack working pressures become 
practicable, e.g. about 3 atmospheres for a cathode exit -temperature of 12t)°C. If oxygen 
enrichment is carried out to the full capability of oxygen-PSA, e.g. approaching 95% oxygen 
25 purity, the cathode exhaust stream becomes dry steam with a modestconcentrationof permanent 
gases. This steam product may be useful for diverse applications, includingfuel processing of 
hydrocarbon feedstocks to generate hydrogen. 

EmbodimentoOO shows anoxygen-PSAfalso performingCO,fcmoval) as shown infig. 
12. The hydrogen side of the system is simplified in this example to show only the anode-gas 
30 inlet of pure hydrogen. Oxygen at more than 90% purity is supplied to the cathode gas inlet 
416, while concentrated water vapour is delivered from cathode gas exit 41* and conveyed 
directly to steam expandero It). Expander 610 discharges to vacuumeondenser«12, from which 
liquid condensate is removedoy pumpol4, while die permanent gas overheads are withdrawn 
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through conduit by vacuum pump 426 of the oxygen-PSA. Expander -614) may assist motor* 14 
to drive the compression machinery of the oxygen-PSA, thus improving overaHefficiency of the 
fuel power plant by approximately 2 to 3 % 

A final aspect of the invention (for any type of fiiekell) is the optional provision of light 
5 product gas accumulators for the PSA units, and particularly for the oxygen-PS A as illustrated ^ 
in fig. 14. Oxygen product accumulator 660 includes an oxygen storage vessel 661 charged 

from thelight product compartment 430 throug^^^ - 

pressure of the PSA process or optionally at an elevated pressure generated by a small 
accumulator charging compressor 663. A peaking oxygen delivery valve 665 and a badeflush 
1 0 valve 666 are provided on either side of non-return valve 667 so as to enable oxygen delivery 
from the storage vessel respectively^forward to the fuel eell cathode inlet or backward to the 
oxygen-PSA unit. 

The oxygen storage vessel is charged during normal operation, particularly during 
intervals ofstand-by or idling when the oxygen-PSA attainshighest oxygenpurity. Tbeeptional 

15 charging compressor may-be operated when the plant is idling, or <in vehicle applications) as an 
energy load application of regenerative braking. Tie peaking oxygen delivery valve 665 is 
opened during intervals of peak power demand, so as to increase supply ofconcentrated oxygen 
Ao the cathode when most needed, if the oxygen accumulator is large enough, <ihe oxygen-PSA 
compressor 422 and vacuum pump 426 eould fce idled during brief intervals of peak power 

20 demand, so as to release the power normally consumed by internal accessories to meeuxtemal 
demand. Then, the size of the fuel cell -stack <in a power plant required <o meet occasional 
.specified peak power levels) catfbe reducedtfor important cost savings. 

When the fuel cell power plant is-shutdown, the oxygen-PSA compressor 4224s stopped 
first to drop the internal pressure for an initial blowdown of all adsorbers. Then, backfiush valve 

25 666 is opened to release a purging flow of oxygen to displace adsorbed nitrogen and some 
adsorbed water vapour from the adsorbers over a -short time interval. The adsoibers are then felt 
precharged with dry oxygen at atmospheric pressure, thusenablingfastresponseof the oxygen- 
PS A for the next plant start-up. 

The foregoing description is intended tobe illustrative of the preferred embodiments of 

30 the present invention. Those of ordinary skill may envisage certain additions, deletions and/or 
modifications to the described embodiments which, although uot specifically described or 
referred to herein, do not depart from4he spirit or scope of the present invention as defined by 
"the appended claims. 
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WE CLAIM: 

1. An electrical current, generating system comprising: 

a fuel cell including an anode channel including an anode gas inlet for receiving a supply 
of hydrogen gas, a cathode channel including a cathode -gas inlet and acathode gas outlet, and an_ 
electrolyte in communication with the anode and cathode channel for facilitating ion exchange 
between the anode and cathode channel; 

an oxygen gas delivery system coupled to the cathode gas inlet for delivering oxygen gas 

io the cathode channel; and 

first gas recirculation means coupled to the cathodegas outlet forrecirculating a first portion 
of cathode-exhaust^gas-exhausted from the cathode channel to the cathodegas inlet. 

2. The current generating system according to claim I, wherein the first gas recirculating 
means comprises a compressor for supplying the first cathode exhaust gas portion under pressure 
to the cathode gas intet. 

3. The current generating system according to claim 2, wherein the first gas recirculation 
means includes a condensate separator coupled between -the cathode gas outlet and the compressor 
for removing moisture from the first cathode exhaust gas portion. 

4. The current generating system according toclaim 1 , wherein the oxygen gas delivery system 
comprises a gas separation system for extracting oxygen gas from air, the gas separation system 
including a first feed gas inlet for receiving an air feed, and an oxygen gas outlet coupled4othe 
cathode gas inlet for supplying enriched oxygen gasto the cathode channel. 

5. The current generating system according4o claim 4, wherein the gas recirculating means 
directs the first cathode exhaust gas portion as feed gas to the gas separation -system. 

6. The current generating system according to claim 4, wherein the gas separation system 
includes a second feed gas inlet, and the current generating system includes second gas recirculating 
means coupled to the cathode gas outlet for recirculating a second portion of the cathode exhaust 
gas to the second feed gas inlet. 
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7. The cunent generating system according to claim -6, wherein the recirculating means 
-comprises a restrictive orifice for delivering the second -cathode exhaust gas portion to the gas 
separation system at a pressure less than a pressure of the air feed. 

8. The current generating system according to claim 4, wherein the gas separation system 
comprises a pressure swing adsoiption system. 

9. The current generating system according to claim 8, wherein the pressure swing adsorption 
system comprises a rotary module including a stator and a rotor rotatable relative to the stator, the 
rotor including a plurality of flow paths for receiving adsorbent material therein for preferentially 
adsorbing a fust gas component in response to increasing pressure in the-flow-patbs relative to a 
second gas component, and compression machinery coupled to the rotary module for facilitating 
gas flow through the flow patlis for separating the first ^as -component from the second, gas 
component. 

10. The current generating system according toelaim 9, wherein the stator includes a first stator 
valve surface, asecond stator valve surface, a plurality of first function compartments opening into 
the first stator valve surface, and a .plurality of second function compartments opening into the 
second stator valve surface, and the rotor includes a first rotor valve surface in communication with 
the first stator valve surface, a second rotor valve surface in communication with the -second stator 
valve surface, and a plurality of apertures provided in the rotor val vesurfaces and in communication 
with respective ends of the flow paths and*the function compartments. 

11. The current generating system according to claim 10, wherein the compression machineiy 
is coupled to a portion of the function compartments for maintaining the portion of function 
compartments at a plurality t>f discrete respective pressure kvels between an upper pressure and a 
lower pressure for maintaining uniform gas flow through the portion of 'function -compartments. 

1 2. The current generating system according to claim 10, wherein the function compartm wits 
include a light reflux exit compartment and a light reflux return compartment, the compression 
machinery comprises a light reflux expander coupled between the light reflux exit and return 
compartments, and the first gas recirculation means comprises a compressor coupled to the A\%h\ 
reflux expander for supplying the first cathode exhaust gas portion under pressure 4o the cathode 
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.gas inlet. 

13. The cuircnttgcncrating system according toelaim 12, wherein the pressure swing adsorption 
system includes a heater disposed between the light reflux^exit compartment and the light reflux 
expander for enhancing recovery of energy from light reflux gas exhausted from the light reflux exit 

compartment; 

14. The current generating system according to claim 12, wherein the function compartments 
include a gas feed compartment and acountercurrent Wowdowneompartment, and thecompression 
machinery comprises a compressor coupled to thefirst feedgas inlet for delivering compressed air 
to the gas feed compartment, and an expander^coAipled ioHhe compressor for exhausting 'heavy 
product gas enriched in the first gas component from the countercurrent blowdown compartment. 

1 5 . The current generating system according to claim 12, wherein the function compartments 
include a countercurrent blowdown compartment and a heavy product compartment, and the 
compression machinery comprises an expander coupled to the countercunent blowdown 
compartment, and a vacuum pump coupled to <the expander for extracting heavy product -gas 
enriched in the first gas component at subatmuspberic pressure from the heavy product 
compartment. 

16. The cun-ent generating system according to claim 10, wherein the function compartments 
include a gas feedxompartment, and the gas recirculating means directs the first cathode exhaust 
gas portion as feed gas to the gas feed compartment. 

17. The current generating system according to claim 10, wherein the ^function compartments 
include a gas feed compartment, and the current generating system includessecond gas recirculating 
means coupled to the cathode gas outlet for recirculating a second portion of -the cathode exhaust 
gas to the gas feed compartment. 

1 8. The current generating system according to claim 17, wherein the second gas recirculating 
means comprises a restrictor orifice. 
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1 9. The current generating system according to claim 9, wherein the adsorbent material is one 
of Ca-X, Li-X, lithium chabazite zeolite, calcium-exchanged chabazite and strontium-exchanged 
chabazite. 

20. Electrical current generated by the electrical current generating system according to claim 
1. 

21. An electrical cunent generating system comprising: 

a fueloell including an anode channel including an anodegas inlet and an anode gas outlet, 
a cathode channel including a cathode gas inlet and a cathode gas outlet, and an electrolyte in 
communication wifo-foe^ode and cathode channel for^ 
and cathode channel; 

an oxygen gas delivery system coupled to the eathodegas inlet for delivering oxygen gas 

to the cathode channel ; and 

a hydrogen gas delivery system iocluding a hydrogengas inlet for receiving a first hydrogen 
gas feed from the anode gas outlet, and a hydrogen gas outlet coupled to the anode gas inlet for 
delivering hydrogen gas received from the first hydrogen -gas feed to the anode channel with 
increased purity. 

22. The electrical current generating system according to claim 2 1 , wherein the oxygen gas 
delivery system comprises an oxygen gas separation system for extracting oxygen gas from air, the 
gas separation system including a first feed gas inlet for receiving an air feed, and an oxygen gas 
outlet coupled to the cathode gas inlet for supplying enriched oxygen : gas to the cathode channel 
from the airfeed. 

23. The electrical current generating system according io claim 22, wherein the hydrogengas 
delivery system comprises a reactor for producing a -second hydrogen gas feed from hydrocarbon 
fuel, and a hydrogen gas separation system coupled to the reactor for purifying hydrogen .gas 
received from the first and second hydrogen gas feeds. 

24. The electrical current generating system according to claim 21 , wherein the hydrogen gas 
delivery system comprises a reactor for producing a second hydrogen gasfeed from hydrocarbon 
fcd, and a hydrogen gas separation system coupled to the reactor for purifying hydrogen gas 
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received from the first and second hydrogen gas feeds. 

25. The electrical current generating system according toclaim 24, wherein the hydrogengas 
separation system receives the first and second hydrogen gas feed, and produces the purified 
hydrogen therefrom. 

26. Thedectrieal current generating system according to clai m 25, wherein the hydrogengas 
separation system includes a first feed gas inlet for receiving the first hydrogen gas feed, and a 
second feed gas inlet for receiving the second hydrogen gas feed. 

27. TheelectricaJ current generating system according toclaim 26, whereuUhcii sUsjakogcn 
gas feed is provided at a pressure level different from a pressure level of the second hydrogengas 
feed. 

28. The electrical current generating system according to claim 24, wherein the reactor 
comprises a steam reformer, and a water gas shift reactor coupled to the steam reformer -for 
producing the second hydrogen gas feed. 

29. Theelectrical current generating system according to claim 2«, wherein the steam reformer 
includes a burner including a first burner inlel coupled to the cathode gas outlet for receiving humid 
oxygen-enriched gas, and a second burner inlet for receiving hydrogen gas from the hydrogen-gas 
separation system for burning within the burner for providing endothermic heat of reaction for 
steam reforming of the hydrocarbon fuel. 

30. The electrical current generating system according to claim 24, wherein the reactor 
comprises an autothermal reformer, and a water gas shift reactor coupled to the steam reformer €ot 
producing the second hydrogen ; gas feed. 

31. The electrical current generating system according to claim 30, wherein the oxygen-gas 
delivery system comprises an oxygen gas separation system for extracting oxygen gas from air, the 
gas separation system including a first feed gas inlet for receiving an air feed, and an oxygen gas 
outlet coupled to the cathode gas inlet forsupplyingmeextractedoxygengaslothecathodechannel 
from the air feed, and the reactor comprises a burner including a first burner inlet for receiving air, 
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and a second burner inlet for receiving hydrogen gas £om the hydrogen gas separation system for 
burning the received hydrogen gas within the burner for recovery of heat energy for pressurizing 
the air feed. 

32. TTie electrical current generating system according to claim 23, wherein at least one of the 
oxygen gas separation system and the hydrogen gas separation system-comprises a pressure swing 
adsorption system. - - • 

33. The electrical current generating system according to claim 32, wherein at least one of the 
pressure swing adsorption systems comprises a rotary module including a stator and a*otor 
rotatable*elative to-the stator, the rotor including aplurdity^tepathsTor receiving adsorbed 
material therein for preferentially adsorbing a firstgas component in responseto increasing pressure 
in the flow paths relative to a second gas component, andcomprcssion machinery coupled to the 
rotary module for facilitating gas (low through the flow paths for separating the first gas component 
from the second gas component. 

34. The current generating system according to. cjaina. 33, wherein the : stator ^^indudes v ia li«t; 
stator valve surface, a second stator valve surface, a plurality of first function compartments 
opening into the first stator valve surface, and a plurality of second function compartments opening 
into the second stator valve surface, and the rotor includes a fust rotor valve surface in 
communication with the first stator valve surface, a second rotor valvesurface in communication 
with the second stator valve surface, and a plurality of apertures provided in the rotor valve surfaces 
and in communication with respective ends of the flow paths and the function compartments. 

35. The current generating system according to claim 34, whereinthecompression machinery 
is coupled *o a portion of the function compartments for maintaining the portion of Junction 
compartments at a plurality of discrete respective pressure levels between an upper pressure and a 
lower pressure for maintaining uniform gas flow through the portion of function compartments. 

36. Electrical current generated by the electrical current generating system of claim 2 1 . 

37. A method for generating an electric potential comprising the steps of: 

providing. a fuel cell including an anode channel including an anode gas inJet, a cathode 
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channel including a cathode gas inlet and a cathode gas outlet, and anelectrolyte ^communication 
with the anode and cathode channel for facilitating ion exchange between the anode and cathode 
channel; 

supplying hydrogen gas to the anode gas inlet; 

supplying oxygen gas to the cathode -gas inlet -for reacting with the hydrogengas; 
recirculating a portion of cathode gas exhausted from the oathodc^asoutktto the cathode 
gas inlet. 

38. The method according to claim 37, wherein the recirculating step comprises dcliveringthe 
exhaust gas portion at increased pressure to the cathode gas inlet. 

39. The method according to claim 38, wherein the recirculating step further comprises purging 
a remainder of the exhausl gas. 

40. Themethod according to claim 38, wherein the-step of supplyingoxygenrgas comprises the 
steps of supplying an air feed to an oxygen pressure swing adsorption apparatus, and delivering 
oxygen-enriched gas extracted from the air feed-as light product gas to the cathode gas inlet, and 
the recirculating step further comprises recovering waste heat from the fuel celbfoT enhancing 
recovery qf expansion energy from the pressure swing adscrption apparatus. 

41. The method accordbg-to claim 38, wherein the steptif supplyingoxygengascomprisesthe 
stepsof supplying an air feed to an oxygenipressure swing adsorption apparatus as a tirst gas teed, 
and delivering oxygen-enriched gas extracted from the first £as feed-as light product gas to the 
cathode gas inlet, and the recirculating step frirthercomprises delivering a remainder of the exhaust 
gas to the pressure swing adsorption apparatus as a second ^as*feed. 

42. A method for igenerating electrical -potential comprising the steps of: 

providing a friel cell including an anode channel including an anode gas inlet, a cathode 
channel including a cathode gas inlet and a cathode gas outlet, and an electrolyte incommunication 
with the anode and cathode channel for facilitating ion exchange between the anode and cathode 
channel; 

supplying hydrogen gas to the anode gas inlet; 
supplying oxygen gas to the cathode gas inlet; and 
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recirculating a portion of anode gas exhausted from the anode^gas outlet to the anode gas 

inlet. 

43. The method according to claim 42, wherein-the step of supplying hydrogen,gas comprises 
the steps of supplying a hydrocarbon fuel 4o a reformer, reacting the fuel with oxygen-enrichedgas 
from the cathode gas outlet, delivering a hydrogen gas feed -from the reformer as a first gas feed to 
a hydrogen pressure swing adsorption. apparatus, and delivering hydrogen^nriched gas extracted 
from the first gas feed as light product gas to the anode gas inlet. 

44. The method according to-claim 43, wherein the recirculating step comprises delivering the 
exhausted anode gas as a second gas feed to the hydrogen pressure swing adsorption apparatus. 

45. The method according to claim -43, wherein the reformer comprises a steam reformer 
including a combustor, and <he reacting step comprises delivering the fuel to the combustor, and 
providing heat energy to the combustor by burning tail gas extracted from the hydrogen pressure 
swing adsorption apparatus -as heavy product gas with the oxygen-enriched gas in the combustor. 

46. The method according to claim 43, wherein the step of supplying oxygen gas comprisesihe 
steps of supplying a pressurized air feed 4o an oxygen pressure swing adsorption apparatus, and 
delivering oxygen-enriched gas extracted from the airfeed as light product gas to the cathode gas 
inlet. 

47. Themethod accordingtoclaim46,whereinthereformercomprises anautothermalrefonner 
including a water gas shift reactor, and the-step of supplying a pressurized air feed comprises the 
steps ofdelivering air to acombustor, burning tail gas extracted from the hydrogen pressure swing 
adsorption apparatus as heavy product gas with -the delivered air in the combustor, andtecovering 
heat of combustion from (he combustor for delivering air under pressure-to the oxygen pressure 
swing adsorption apparatus. 

48. An electrical current generating system comprising: 

a fuel cell including an anode channel including an anode gas inlet and an anode-gas outlet, 
a cathode channel including a cathode -gas inlet and a cathode gas outlet, and an electrolyte in 
communication with the anode aodcathode channel for facilitating ionexohange between the anode 
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and cathode channel; 

an oxygen gas delivery system coupled to the cathode gas inlet for delivering enriched 
oxygen gas to the cathode channel, the oxygen gas delivery system including a pressure swing 
adsorption system to enrich oxygen and to remove carbon dioxide from atmospheric air feed; and 

a hydrogen gas delivery system coupled to the anode gas inlet for delivering purified 
hydrogen gas to the cathode channel. 

49. The cuirent generating system according to claim 48, further including an oxygen 
accumulator interposed between the oxygen gas delivery system and the cathode^as inlet. 

50. The current generating system according to claim 48, in which thee!ecU<)lyte«dkaline^id 
is maintained at a working temperature greater than about 100°C, the oxygen gas delivery-system 
is operated to supply oxy gen of about 90% purity to the cathode gas inlet, so that the product water 
of the fuel cell is delivered as concentrated dry steam from the cathode ^gas outlet; the system 
including a steam expander to expand the steam from thecathode gas outlet to a vacuum condenser, 
a condensate pump to exhaust liquid from the condenser, and a vacuum pump cooperating with the 
oxygen pressure swing adsorption system and exhausting permanent gas overheads from the 
vacuum condenser. 
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